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Resum 
 
Aquest document conté el disseny d’una vela solar. Tres grans apartats seran 
estudiats dins d’aquest projecte: disseny estructural, disseny tèrmic i 
desplegament.  
 
El primer es basarà en estudiar els diferents materials que es poden utilitzar 
avui en dia per fabricar una vela, es compararan i s’escollirà el més adient. 
També s’avaluaran les càrregues que afectaran a la vela i la localització de 
tots els components que la formen, tenint en compte les interaccions que tenen 
els uns amb els altres i els seus requisits de muntatge. 
 
El segon estudiarà l’equilibri tèrmic, el qual es basa en calcular la temperatura 
a la que arribarà no només la vela, sinó tots els elements que estaran exposats 
al Sol. Un cop trobat el resultat, es duran a terme canvis per tal de complir els 
requisits de funcionament dels mencionats components. 
 
Per altra banda, s’avaluaran els diferents tipus de desplegaments utilitzats fins 
la data i es compararan. Finalment s’acabarà escollint un d’acord amb les 
característiques del cas que ens ocupa. El mecanisme de desplegament 
inclourà nous components que seran estudiats i inclosos dins el  primer apartat.  
 
S’obtindrà que, tot i els esforços per reduir el pes per part d’aquest projecte 
com dels altres dos que el complementen, s’excedeix tal paràmetre i s’arribarà 
a la conclusió que, avui en dia, no és possible construir una vela solar de 
menys de 100 grams. 
 
No obstant això, es ratificarà la possibilitat del muntatge d’una vela solar 
totalment funcional, la qual podria romandre períodes llargs de temps a l’espai, 
tot analitzant el camp magnètic. 
 
El projecte finalitzarà havent construït i desplegat una vela solar la qual estarà 
formada per una fina capa de Mylar (a 44ºC) amb dos recobriments; un 
d’alumini i l’altre de crom. El desplegament, per altra banda, aprofitarà la 
inèrcia dels seus components i es desplegarà la vela amb total garanties i 
sense patir càrregues extremes. 
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Overview 
 
 
This document contains the design of a solar sail. Three main parts will be 
studied in this project: structural design, thermal design and deployment. 
 
The first one will be based in studying the different materials that can be used 
nowadays to build a solar sail, they will be compared and finally, one will be 
chosen. The loads on the sail will be also evaluated and the place of all the 
components too; the components that will be on the film and the ones that will 
be placed on the main structure, always taking into account the different 
interactions that will exist between them and the assembly requirements. 
 
The second one will study the thermal equilibrium. This equilibrium is based on 
computing not only the temperature reached on the film, also the temperature 
reached at all those components exposed to the Sun. Once the result will be 
found, some changes will be done in order to accomplish the functional 
requirements listed by the mentioned components.  
 
On the other hand, the different types of deployment will be evaluated an 
compared. Finally one of them will be selected according to the characteristics 
that our project needs. At the same time, this deployment mechanism will add 
more components that will be studied in the first chapter. 
 
The final result will be a solar sail that, even though the efforts made to reduce 
the global mass, is heavier than 100 grams so, the conclusion will be that 
nowadays it is impossible to build this kind of spacecraft. 
 
However, the possibility of a solar sail completely functional, spending long time 
periods in mission (analyzing the magnetic camp) will be ratified.  
 
The project will end with a built and deployed solar sail which will be composed 
for a thin film of Mylar (at 44ºC) with two coatings; one of aluminum and the 
other of chromium. The deployment system that is going to be chosen is the 
one that uses the inertia of the Booms to deploy the sail, avoiding any kind of 
extreme loads. 
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MOTIVATION 
 
Propulsion devices are one of the most restrictive subsystems in small satellites, 
many of them even showing a complete lack of them. In this set of three Final 
Degree Thesis, we have explored the possibility of using a small solar sail to 
propel a femtosatellite. 
 
As solar sails employ solar radiation pressure, do not carry any kind of hazardous 
materials (as would happen in most of the rest of propulsion systems), and 
therefore would have no constraints to be launched as a secondary payload. 
 
Solar sails have been known to be feasible for a long time, but practical 
implementation was precluded until recently due to its difficult construction and 
deployment. As they use the pressure exerted by solar light, solar sails do not 
require to carry any kind of fuel and, as long as they remain illuminated by the 
Sun, they can propel themselves for an indefinitely long time. 
 
The first solar sails were IKAROS, launched by JAXA in 2010, and Nanosail-D, 
launched by NASA in 2011. In both cases, the missions were a complete 
success. IKAROS is especially relevant in this regard because its mission took it 
to the orbit of Venus, thus probing not only that the propulsion mechanism was 
physically sound, but also technologically feasible. Several solar sails projects 
are currently underway; the most salient is Lightsail-2, developed by The 
Planetary Society.  
 
Its main strength is also its most important weakness: by using the tiny force 
exerted by light pressure, their fabric must be extremely light, and thus require a 
very flimsy material. Even in our case, with a very small sail of just 10 m2, it is 
impossible to launch the sail deployed. Hence, a mechanism to fold it on the 
ground, and allow an easy –and unsupervised– unfolding once in space, must be 
devised. The fabric composing the sail must also be protected against rips and 
deep wrinkles, something quite difficult with such a delicate material. 
 
The payload for our sail, that we have christened FemtoSail, will accordingly be 
very low-mass. The bus of the active part of the FemtoSail will have a mass under 
30 grams (TBD). Our goal is to have as high an acceleration as possible and 
obviously this calls for a very small total mass. The total mass of the sail will be, 
at most, 100 grams. 
 
FemtoSail will be folded and carried into orbit inside a canister with the same form 
factor as a 3U CubeSats (then, a rectangular prism with a base 10 cm in side, 
and a long side of 30 cm). Once in orbit, the canister will open a hatch and the 
sail will be ejected. After the ejection, the solar sail must unfold by itself. 
 
The general layout is as follows: the sail will be square in shape, and the bus will 
be composed of an on board computer, a battery that will store the energy 
gathered by solar cells, a flat antenna and transmitter, and electrochromic 
systems to allow attitude control. As the energy gathered by the solar cells would 
be quite reduced, communications would be of the burst kind. 
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The mission for such a small spacecraft must be compatible with its capabilities 
that due to its very low mass are rather limited. It is equally important to consider 
in which regards a set of femtosatellites would provide an advantage as 
compared to standard satellites. A sensible option is to have a large number of 
femtosatellites to carry out a determination of some property in multiple points. 
As an example, we will focus on their use as probes of the Earth’s magnetotail. 
Magnetospheric physics has been one of the main focus of Space Science since 
the very beginning of Human exploration of the environments of the Earth. 
However, the number of satellites involved in this kind of investigations has 
always been quite small, and usually restricted to Low Earth Orbit. Our mission 
would determine the magnetic field strength and some plasma properties 
simultaneously in several points. 
 
Using a solar sail with manoeuvring capabilities would constitute a valuable asset, 
as it would be possible to make several scans or particular zones of the 
magnetosphere without waiting for the orbital motion allow for a new pass through 
the region of interest. 
 
The magnetosphere is a very dynamic region, with multiple physical phenomena 
deploying simultaneously, and its study is very involved. Having good quality data 
in many different –albeit nearby– points would allow a deeper understanding of 
the processes going on. 
 
 
 
 
Figure 1: Schematics of the magnetosphere of the Earth and its interaction with 
the solar wind. The magnetotail is the region in purple to the right of the Earth. 
3                                                                                                          MOTIVATION 
 
 
The magnetotail is an ill-known part of the magnetosphere, observed basically in 
the lunar environment, both from orbit as well as from the surface. However, the 
dynamics and properties of the magnetic field of the Earth beyond the Moon orbit 
is uncharted waters. 
 
The solar wind stretches out the terrestrial magnetic field into an elongated and 
dynamic structure. Just a few missions have observed this region, the most 
remarkable ones are ISEE-3 (International Sun-Earth Explorer 3), and Geotail. 
Both were able to observe the magnetotail up to a distance of 200–220 Earth 
radii, finding that the plasma sheet is still well-defined at these distances. 
 
The magnetotail is composed of two lobes, one above the other below the 
equatorial plane, where the magnetic field lines are almost parallel. Here the 
plasma density is low, and at large distances from the Earth, they are penetrated 
by the solar wind. Eventually, the weakening magnetic field of the Earth becomes 
attached to the interplanetary magnetic field, allowing the plasma in the lobes to 
escape. 
 
Between the lobes there is a region on weak magnetic field and relatively high 
plasma density, the plasma sheet. Its width ranges from 2 to 6 Earth radii, and it 
also extends to very long distances (around 200 Earth radii). As the magnetic 
field here is weak, the plasma moves more freely than in the case of the lobes. 
There is a cross tail current flowing across the plasma sheet in the dawn-dusk 
sense; this electrical current is responsible of generating the local magnetic field. 
Two currents, flowing through the magnetopause on the north and south lobes, 
close the circuit. The central part of this region is almost neutral, and is called the 
neutral sheet. 
 
As the plasma sheet is continuously loosing plasma to the interplanetary medium, 
it is necessary some replenishment mechanism. While there are several 
hypotheses, the actual mechanism remains difficult to explain. A set of 
simultaneous measurements in multiple locations could greatly help to ascertain 
its nature. 
 
The goal of this work is to provide a very basic, low-cost system to provide in-situ 
measurements of the magnetic field in this region. One very basic difficulty for a 
classical satellite would be the scarcity of missions allowing a secondary payload 
launch. In the case of solar sails, the initial orbit is not that important, as their 
propulsive capabilities allow them to navigate to achieve the final orbit (even if 
the time required to do so can be substantial). 
 
As will be described further on, the envisioned mission carries a MEMs 
magnetometer to determine the magnetic field in different location of the 
magnetotail, near its neutral sheet. 
 
This thesis work is a part of a series of three Final Degree Thesis simultaneously 
carried on to generate a full pre-A phase description. Then, the introduction up to 
this point is shared with the other two Degree Thesis (titled ‘Design and test of 
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the bus of a very small solar sail’ and ‘Guidance, Navigation and control of a very 
small solar sail’). 
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INTRODUCTION 
 
Design requires to work with a compendium of different approaches which, at the 
same time, are related the ones with the others. In the case of a solar sail and in 
the case of this project, this design will be treated through three different 
perspectives.  
 
The first one will analyze the structure of this spacecraft, with its components and 
their requirements. This means localize where is the optimal point for every 
element of the sail, which role it will play inside the mechanism and how it can be 
protected from future damages. This last point will have two specific sections 
where, first, ‘Rip-Stops’ method will be explained and the other one will be 
destined to explain which materials will coat the sail. 
 
The second one will evaluate its thermal characteristics. Regarding the coatings, 
they will be an important part of this section because they will determine the 
temperature reached at the film. On the other hand, all the components placed 
on the film will face the Sun and, consequently, they will need to be analyzed in 
order to determine their temperature under solar radiation. 
 
The third one will imply the study of the loads that will appear on the sail. This 
design is more complex because not enough resources could be provided to 
compute the values of those loads. Hence, an estimation will be done in order 
that, at least, set the ranges and be able to determine the feasibility of this project. 
 
On the other hand, not only the components and its interactions will be studied, 
in this project also the deployment of the solar sail is going to be analyzed. Three 
stages are going to be detailed, from the launcher to the device that will contain 
the solar sail, passing through the intermediate stage. This last stage will be 
formed by a CubeSat which will be introduced and detailed. These stages, at the 
same time, will imply different types of methods to deploy the devices and another 
two methods to unfold it. Each one of them will be explained and detailed but they 
will not be able to be tested for a future and real implementation. 
 
Finally, this project will try to design a light solar sail with a maximum mass of 100 
grams, including a film of 30 grams. To achieve this goal, ultra-thin and light 
materials will be listed and compared at the same time that stiffness and strength 
will be needed. 
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CHAPTER 1. SOLAR SAIL AND ITS COMPONENTS 
 
In this chapter we are going to explain every element that will be part of our Solar 
Sail, its dimensions and why it has been chosen. 
 
First of all, we are going to start by showing an image of what we are looking for: 
 
 
 
 
Figure 1.1. Image of a Solar Sail 
 
 
As we can see, our solar sail will have a non-continuous film (presence of gaps 
between petals) and this film will have to get out from a device which will be 
detailed later. This configuration has been chosen in according with the 
deployment system, at the end, the design of a solar sail is a process that is not 
linear, as said in the introduction, one approach will affect the others. So, in this 
case, the shape of the Solar Sail is defined due to deployment requirements. 
 
But, with the film, other components will be included in the design and need to be 
detailed: 
 
1.1. Basic Film 
 
The design of the Basic film is one of the most important parts when we talk about 
a solar sail because this structure will carry some components like steering 
devices, solar cells, etc. The coatings that will cover it will determine the final 
temperature and, at the end, if this structure collapses, everything will do it too.  
 
So first of all, we need to introduce the main material of the sail. In previous 
projects, scientists used Kapton, Mylar and CP1. But recently, another material 
(a-ODPA) has been synthesized and it has some properties that could improve 
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the sail performance. We are going to analyze and compare them in order to 
determine which one is the best for our purposes. 
 
All these materials have, at least, one thing in common: they are really thin, 
approximately, with typical thicknesses of 7.5 µm. To produce films like this, it is 
important to select thermoplastic materials but, at the same time, the material has 
to be capable to resist the radiation and temperature conditions prevalent in the 
space environment. 
 
1.1.1. Alternatives 
 
1) 2,3,3’,4’-oxydiphthalic dianhydride (a-ODPA) with 4,4’- oxydianiline (4,4’-
ODA) 
 
Recent studies show that if a polyimide is synthesized by polycondensation like 
2,3,3’,4’-oxydiphthalic dianhydride (a-ODPA) with 1,3’-Bis (4- aminophenoxyl) 
benzene (1,3,4-APB) or 4,4’- oxydianiline (4,4’-ODA), this polyimide will have a 
high radiation resistance but, at the same time, will be thermoplastic. So, there 
are two candidates: 
 
1) 2,3,3’,4’-oxydiphthalic dianhydride (a-ODPA) with 1,3’-Bis (4- 
aminophenoxyl) benzene (1,3,4-APB) 
2) 2,3,3’,4’-oxydiphthalic dianhydride (a-ODPA) with 4,4’- 
oxydianiline (4,4’-ODA) 
From now on, the first one will be called ‘Polyimide I’ and the second one 
‘Polyimide II’. 
 
 
 
 
Figure 1.2. Chemical structure of both cases. 
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Both polyimides were tested to prove if they have better radiation resistance than 
other materials used before, like Kapton. 
 
Radiation, when we talk about ultra-thin films, has a main component: proton 
radiation. As shown in the figure below, when the film depth is really thin (10−7 𝑚) 
the contribution of protons is bigger than the ones due to other ionizing radiation 
particles. 
 
 
 
 
Figure 1.3. Example of dose-depth profile within a material. This results have 
been calculated using SPENVIS. 
 
 
But, when the two polyimides were tested in a proton test, the result indicated 
that ‘Polyimide I’ had not higher proton radiation resistivity than Kapton. On the 
other hand, ‘Polyimide II’ which was synthetized with the diamine of 4’4-ODA, 
had less amounts of ether group (compared with 1,3,4-APB) and this property  
increased the material’s radiation resistance. 
 
This modification respect ‘Polyimide I’ worked and ‘Polyimide II’ presented higher 
resistance, even higher than Kapton but, on the other hand, when the electron 
and UV tests were made, it was found that in those tests, the new material had 
not better (nor worse) characteristics. 
 
Concluding, ‘Polyimide II’ has better properties in terms of thermoplasticity and 
radiation resistivity than other materials used before, but more physical and 
thermo-optical studies need to be done in order to determine if the polyimide is 
suitable for our project. 
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2) KAPTON 
 
When the first prototypes of solar sail appeared, one of the materials considered 
was polyimide Kapton, but it had a big problem, as it could not be manufactured 
at 7.5µm thickness. After years of improvements, new methods were developed 
and the manufacturers could provide Kapton with that requirement. Even more, 
if the thickness were reduced, other techniques like chemical or ion bombardment 
etching could be used to fulfill their requirement. 
 
Kapton was used for example in the design of the Halley Rendezvous sail, and it 
can operate for years within a large range of temperatures: from -120ºC to 250ºC.  
 
Table 1.1. Mechanical Properties of Kapton 
 
 
 
 
But, as we will operate in the outer space, we also need the response of this 
material to radiation, so: 
 
Table 1.2. Properties of Kapton under radiation exposure 
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It can be seen, and it is important, that after one thousand hours exposure to high 
levels of radiation, Kapton maintains its properties of Tensile Strength. This 
characteristic will be, among others, one of its best advantages.  
 
3) MYLAR 
We are also going to analyze Mylar, used for example in LightSail 1 (launched in 
2015). This material is also known as BoPET or biaxially-oriented polyethylene 
terephthalate.  
Its properties have made of it one of the most used materials for these kind of 
purposes because, for example, its high tensile strength with a low density and, 
in addition, it is a good electric insulator. All of them can be seen in the following 
chart: 
 
 
Table 1.3. Mylar Physical Properties 
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4) CP1 
CP1 is another type of polyimide like Kapton. It has been used in other projects 
due to its good UV resistance. This characteristic allows it to be able to stay in 
mission for long time periods while keeping other properties like tensile strength 
or Young’s modulus within acceptable ranges. 
 
The manufacturer also remarks the importance that it is transparent and this 
characteristic is remarkable when we talk about absorbance. Other competitors 
could absorb too much solar energy and this would reduce the total momentum 
of the sail. 
 
 
Table 1.4. Physical properties of CP1 
 
 
 
 
As a reminder, it is important to define Tensile Strength and Young’s Modulus; 
the first one is the maximum stress that a material can suffer before breaking and, 
on the other hand, the second one is the maximum stress that a material can 
suffer before deformation. 
 
Summing up, we have 3 remaining candidates with the following characteristics: 
 
 
Table 1.5. Three candidates comparison 
 
 Tensile Strength 
[MPa] 
Young’s Modulus 
[GPa] 
Density [g/cm3] 
Kapton 110 2.5 1.42 
Mylar 193 4 1.39 
CP1 87 2 1.54 
 
 
1.1.2. Comparison of the fabric candidates 
 
Now, it is important to analyze and compare the different candidates. One of the 
points in this analysis is the value of the Solar Pressure, its value (given by 
‘Guidance’ project) is next to micro pascals and we have seen that all three 
candidates can deal with much higher pressures so, we can say that regarding 
this, no difference could be found between them, and the, no one could be 
discarded. 
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On the other hand, when we talk about solar sails, we need to recall the 
importance of the mass in these kind of spacecrafts. It is now when the role of 
the density takes importance: all the materials will be able to deal with those 
pressures but which one will do it with less mass? Every gram is important. The 
response is Mylar. 
 
Having a solar sail with 10m2 of effective area and 7.5µm of thickness with a 
Mylar density of 1.39 g/cm3, the total mass of the main film will be 104.25g. 
 
 
1.1.3. Coatings 
 
It is important to say that only with Mylar, the solar sail could not spend long time 
in outer space due to radiation, the main film would be deteriorated and the whole 
mission ruined. Then, it is mandatory to discuss about coatings. These coatings 
will help us to reduce the radiation impact on the main film and, at the same time, 
they will be determinant in the thermal design. 
 
Reflective side 
  
This side is the one that will face the Sun and, for this reason, we need a material 
capable to take the maximum profit of the photons momentum. Many studies 
have found that the best options are aluminum and silver.  
  
The problem with silver is that, although it has a higher average reflectivity than 
aluminum, in the UV region its characteristics decrease significantly and this 
could imply a degradation of the film in long term missions. For this reason, we 
will use aluminum as a coating. 
  
 
 
Figure 1.4. Reflectance vs Wavelength in Aluminum and Silver 
 
 
To implement this, vaporized aluminum will be deposited on Mylar surface and it 
will help to provide the properties that we are looking for. Other techniques have 
been used before like, for example, using a special glue to join Mylar film with 
another one made of aluminum, but this method would imply extra loads and the 
improvement would not be significant. 
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Back side 
 
On the other hand, on the back side we are going to use chrome. The use of this 
material is purely due to a thermal design restriction because the Solar Sail would 
deal perfectly with Sun’s radiation without chrome, but as we will explain in the 
‘thermal design’ chapter, without this coating the equilibrium temperature would 
decrease at levels such low that the electronics on board could not operate. 
 
So, knowing these requirements, we need a material which could help us to 
stabilize the temperature at 25°C approximately. This temperature is the one at 
which the sensors and other electronic systems on board were tested and, at that 
temperature, these components perform at optimal conditions. 
 
As a note, it is important to say that every component placed on the film will have 
its own thermal equilibrium temperature, determined by its own. 
 
Summing up, we can say that, from the structural point of view, the principal 
purpose of front coating is just to prevent main material of suffering damages due 
to radiation but, on the other hand, the chrome coating is implemented because 
without it, solar sail and its components could not work at a proper temperature. 
 
The coating procedure will be an Ion Vapor Deposition (IVP). In this technique 
the material which is wanted to be coated becomes the cathode of a high-voltage 
system. A negative potential is applied at the base element, in our case Mylar, 
and inside a vacuum chamber, the aluminum evaporated will start to attach itself 
slowly, forming a layer on it. 
 
 
1.1.4. Rip-Stops 
 
Once the solar sail material has been defined, it is important to ensure its integrity 
during the mission. If the solar sail is hit by a micrometeorite, the resulting hole 
can grow up into a crack and create huge problems to the whole system. But not 
only micrometeorites can generate holes in the film, deformations and tension 
strengths could also induce cracks in our spacecraft. 
 
It is impossible to avoid these situations, and so a method is needed to, at least, 
try to keep these holes constant, without letting them grow. This method is called 
‘Rip-stops’ and it consists in implementing strips on the film. These strips will 
create a barrier and keep the fibers together, even if a hole or fissure appears. 
Their implementation is simple, once having the film (made of fibers), the strips 
need to be placed above two parallel fibers, touching both.  
 
Previous projects have been made of Kevlar, but their function is purely structural 
so, knowing Mylar properties (seen before), we can affirm that Mylar can also 
develop this function and no other materials will be needed. 
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1.2. Solar cells 
 
In this project the solar cells that will be used are Triple Junction GaAs with a little 
modification: in our case, the bottom layer will be made of InGeAs: 
 
 
 
 
Figure 1.5. Solar Cell structure 
 
 
The requirements posed to the electric power subsystem can be accomplished 
with a single solar cell of 27 cm2 and 2.268 g: 
 
 
 
 
Figure 1.6. Solar cell dimensions 
 
 
This cell should be enough to sustain the Steering Devices consumption and it 
will be placed at 10 cm of the Sail center, at the right side (Figure 1.7). 
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Figure 1.7. Solar Sail design 
 
 
1.3. Steering Devices 
 
On the other hand, the size of the steering devices will be 6.545 cm on each side 
and they will be placed on one of the corners of the triangles, always in the same 
side in order to keep the solar sail symmetric and make easier the attitude control 
laws. With other types of deployments, as said before, the film could be 
continuous and this, would allow us to place these components at the corners 
but, in this project, that area is not usable due to boom’s presence (concept that 
will be explained in the deployment chapter). Hence, the team decided to place 
them in the current location, which is the nearest position available.  
 
This decision, again, is not random. These devices are the ones that, switching 
between maximum and minimum absorbance, will generate torque and will allow 
the rotation of the Sail. If they are placed next to the center, the distance between 
them and the center of mass will not be as long as if they are placed in the ‘almost’ 
corners. This reduction in distance will imply a reduction of torque and the sail 
will see its rotation capabilities significantly decreased. 
 
 
1.4. Magnetometer 
 
This component is one of the most important ones because will allow the mission 
to achieve its main goal, analyze the magnetic field. It has to be placed on the 
film, as far away as possible from other electronic components in order to have 
the most pure measurement. The specifications received from ‘Bus’ project detail 
its dimensions as 2×2 mm. As all the steering devices try to keep a symmetric 
figure and the solar cells have been placed 10 cm next to the center, in this project 
we have decided that the best place to implement the magnetometer is at 10 cm 
of the center but in the opposite sense. This will help to keep the center of mass 
more or less in the geometric center but not exactly because the Solar Cells and 
the Magnetometer will have different masses. 
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1.5. Component Distribution 
 
This chapter is strongly related to deployment because, following some 
deployment restrictions, some decisions about where is the optimal place to 
implement some components have been taken. 
 
We already know that on the film it will be possible to find the magnetometer, 
steering devices and solar cells but, all the other electronic components cannot 
be placed there. All the rest will be at the top of the structure. Our structure will 
not be a CubeSat, as we are going to explain in the Deployment chapter. Our 
structure will be just the necessary skeleton to keep all the parts together and 
avoid extra mass. 
 
 
 
 
Figure 1.8. Example of the main structure in other projects 
 
 
As can be seen in the figure above, with this structure the sail could be able to be 
deployed and, at the same time, the chassis of the CubeSat could be discarded. 
 
In this project, the design idea is similar to this one. So, when we talk about having 
the rest of the components at the top of the structure, we are talking about the 
place where the batteries can be found in the last figure. 
 
A regular CubeSat with all the electronics would look like the one shown in figure 
1.9. 
 
17                                                                    SOLAR SAIL AND ITS COMPONENTS  
 
 
 
 
Figure 1.9. Example of CubeSat with electronics 
 
 
As we said before, we are not going to have this configuration. First, because the 
surface available to place all the components in our device will be lower 
(explained in Deployment chapter) and on the other hand, because we will try to 
avoid any kind of chassis (extra mass). 
 
For this reason, it is important to determine how much area we are going to need 
for the electronics. From ‘Bus’ and ‘Guidance’ projects, we can obtain the 
following list of components: 
 
 
Table 1.6. List of components on plate 
 
 Area [mm2] Height [mm] Mass [g] 
Attitude    
Gyro x-y 24.62 2.7 1.42 
Gyro z 80.34 3.73 0.01 
Sun Sensor 602 5.9 + 1.95 3.7 
Accelerometer 4 1 0.02 ** 
Electrical System    
First stage booster 9.92 0.8 0.028 
Battery charge regulator 3.80 0.64 0.02 
Battery output adapter 225.81 2.54 5.67 
Voltage step down 9.30 1.1 0.006 
16x Transistor 18.79 3.3 0.08 
Battery 43.51 49.1 20 + 0.077* 
OBC 252.85 3.28 3.7 
Transceiver 62.83 5 2 
Antenna 116.86 1.6 8.5 
External Flash 19.2 3.94 0.54 
Total 1473.83  47.75 
 
* An addition of 0.077 grams of coating. 
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** The original value of the piece could not be found, this one is from a similar 
one. 
 
So, at this point, we know that all the components together would occupy an area 
of 14.74 cm2 approximately and we have at our disposition up to 10×10 cm so, 
100 cm2. In other words, we have enough space to place all the components in 
a same plate and we will not need more floors. 
 
The case of the height is quite different. The total height is not important, the 
restriction will be determined by the highest one and in this case, the battery 
height sets the maximum (49.1 mm). 
 
On the other hand, their distribution cannot be random, some of them need 
certain conditions in order to ensure that they work properly. This requirement 
also will be explained later. 
 
In order to protect these components, we have to choose between two main 
options: 
 
1) CubeSat box 
2) Thin-film cover 
Other projects before chose the first option. Its main advantage is that it can cover 
all the components and protect them, not only from solar radiation, but also from 
micrometeorites that could impact the Solar Sail. 
 
On the other hand, it seems that covering them only with a thin film only assures 
the protection from radiation but, as we said, in this project one of the main goals 
is design a small solar sail with the minimum possible mass. 
 
Obviously, a minimum radiation protection needs to be implemented, if not, the 
components would suffer heavy damages so, taking the risk of a micrometeorite 
impact, in this project we have opted to implement the second option. But now, 
we cannot use Mylar because, as we said before, it does not have enough 
radiation resistance to protect the components. For this reason, in this occasion, 
Kapton is going to be chosen. 
 
Now we consider again the concept about a non-random distribution. As we 
decided to cover the components with a Kapton film, we need to take into account 
that some of them cannot be covered, because that would affect their 
functionalities. One clear example is the Antenna. 
 
For this reason, taking profit that we have enough space on the plate, three 
components will be separated from the others and will not be covered: Antenna, 
transceiver and Sun sensor. 
 
Antenna and transceiver will not be covered because this could imply a signal 
deterioration. They are a pack; they need to be placed together in order to ensure 
their performance and, from ‘Bus’ project, the requirement is to place the second 
one under the first one and, at the same time, keep the antenna in a flat position.  
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On the other hand, there is the Sun sensor. As its own name conveys, this sensor 
needs the presence of light to develop its functionalities, if we cover this sensor, 
it becomes completely useless. 
 
So, the amount of area that we are not going to cover will be the area of the 
antenna plus the area of the Sun sensor (718.86 mm2). The Area related to the 
transceiver will not be added because, as we said before, it is going to be placed 
under the antenna and the antenna area is higher. 
 
Then, as a final point, it is also important to say that the rest of the components 
will not be placed as far from each other as we can because this would imply line 
losses, it would be also a bad choice to place them next to each other because 
the global temperature could rise. 
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 CHAPTER 2. DEPLOYMENT & FOLDING  
 
2.1. Film Deployment 
 
The deployment mechanism is one of the most problematic mechanisms of the 
sail. This is because it implies a lot of components and, almost all of them, will 
have to be movable. This complexity gives to this chapter the label of one of the 
most important chapters of the project. But even this, it becomes more important 
because the decisions that will be taken here, will affect the configuration of our 
sail. 
 
Two kind of methods can be used to deploy the solar sail: 
 
2.1.1. Spinning method 
 
 
 
 
Figure 2.1. Explanation of the Spinning method 
 
 
As can be seen in the figure above, this method consists in attaching four masses 
at the tips of each panel and these ones are rolled up around the main body. 
Then, once the spacecraft is outside the CubeSat, it starts to rotate and, thanks 
to this movement, the masses are released and start to pull the film outside. At a 
certain time, the stoppers (components which initially attach the film to the main 
body) are deployed and it is when finally the whole film is able to get out. 
 
During this process the spin rate suffers variations because the angular 
momentum is also affected. So, when finally the solar sail is completely deployed, 
helped with steering devices, its spin rate will be greatly reduced. 
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The principal difficulty with this method is that the rotation would be in the 3 axis 
and, with our configuration, we will be able to control a spin only in two of them 
(x and y). A possible solution could be tilt the steering devices to have them 
working in the 3 axis of the space but, to do this, a material with shape memory 
would be needed. That material would change its shape when the solar radiation 
would fall on it thus increasing its temperature and, having the steering devices 
attached, it would be able to change the inclination of those components. 
 
However, the angle achieved for each one of the four pieces of this material 
distributed over the film would not be the same and this would imply different 
momentums and the attitude control would be clearly compromised. 
 
Another solution to that 3-axis rotation could be implementing another type of 
actuator. Instead of Solar Radiation Pressure, it could be a reaction wheel, but 
first of all, this would add more difficulties to attitude control law (adding more 
inertias) and, on the other hand, this also would add more mass and more 
consumption. 
 
Summing up, this method is totally feasible but not with our configuration. A 
change in that configuration would imply more difficulties in the design of this 
solar sail and, for this reason, it was discarded. 
 
 
2.1.2. Boom method 
 
On the other hand, this method does not need any kind of rotation to deploy itself. 
It is based basically in the use of booms as a tape-spring deployers. These booms 
are the components that will be between panels and will fix the structure (figures  
2.2 and 2.3). 
 
 
 
 
Figure 2.2. Stowed and Extended Boom. 
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Figure 2.3. Cross Section. 
 
 
They will be made of Carbon Fiber Reinforced Plastics (CFRP) ultra-thin 
prepregs. The main material will be T300/Epoxy but if more stiffness is needed, 
a second material could be added: M30/Epoxy. 
 
Another way to reinforce the booms is, while manufacturing, dispose the fibers at 
±45º from the vertical. In other words, intercalate them, one at +45º and the next 
one at -45º. This will help in case of fissure because the loads applied at the 
Boom will be distributed. 
 
Imagine now that all the fibers would be parallel. In case of fissure, every load 
applied would increase the fissure and no fiber could be found which opposes 
the propagation. It would grow between two parallel fibers and nothing could be 
done. 
 
Related to boom characteristics, their versatility will help us because they can 
stay rolled up for a long time, at least, while the CubeSat reaches the desired 
orbit and then, the storage drum can be released and the boom begins to uncoil 
itself. This property make them one of the best solutions to deploy the sail. 
 
Using this uncoiling movement, it is possible to attach one vertex of the panel at 
the tip of the boom and then, the whole panel will be pulled and deployed. 
 
The main inconvenient of this method is the amount of space that it is needed to 
storage the booms and the extra mass that the solar sail will need to carry. 
Previous projects which dealt with bigger solar sails, used the next configuration: 
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Figure 2.4. 3U CubeSat distribution. 
 
 
CubeSat is a type of satellite which, as its name says, has a cube form and 1L 
volume, so each side of the cube will length 10cm. These basic units can be 
grouped together and form bigger units like 2U or 3U: 
 
 
 
 
Figure 2.5. Different CubeSat configurations.  
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So, with this information, it is known that the four booms will have to be placed 
within an area of 10x10 cm2. One solution is to connect all of them through a 
base, like in the next figure: 
 
 
 
 
Figure 2.6. Booms storage. 
 
 
This distribution is used to, first, occupy the less space as possible and second, 
unify them in pairs and from the base because this will help to give more stiffness 
during and after the deployment. 
 
Once the Booms have been described, it is time to determine their dimensions. 
 
 
 
 
Figure 2.7. Spindle diameter vs Total diameter with a 3.7m boom. 
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This chart is used to determine the total diameter (the diameter that results from 
those two booms unified) depending on the thickness of the material and the 
spindle diameter. The problem is that this chart is valid only for 3.7 meters booms. 
It is obvious that the length of this components is also playing an important role 
when we trying to compute their size. Hence, we will need to make some 
calculations to try to adjust the results: 
 
Typically, it is used a thickness of 0.4 mm because 0.32 mm would not provide 
enough stiffness and other reinforcements would have to be applied and, on the 
other hand, 0.5 mm would give us an extra mass-loading. 
 
So, taking into account only the 0.4 mm and also a typical spindle diameter of 11 
mm, for a 3.7 meters boom the total diameter would be approximately 90 mm. It 
is important to remember that this means that two booms, unified from the base, 
will occupy 90 mm, leaving 10 mm of free space. 
 
But our booms are not 3.7 meters length, in our case we have 2.24 meters. Due 
to a lack of information about how to compute the size could be found, some 
calculations have been made. 
 
To reach our length, the only step that we need to do is take away 1.46 meters 
from 3.7 meters, knowing that at each round (layer discarded) the diameter will 
be reduced. 
 
So, initially the diameter is 45 mm (a total of 90 mm divided by two booms) and 
one layer is discarded. The length of that layer will be pi times the diameter; hence 
the total length that we will have will be 3.7 meters minus this length. 
 
On the other hand, the total diameter will be also reduced because at each loop, 
one layer will be taken away. At this point, it is important to make a consideration, 
every round the diameter will be reduced from the top and the bottom and, at 
each point, the boom has two layers of same thickness, as seen in Figure 2.3. 
That thickness is, as said before, 0.4 mm. So, in half loop one layer of 0.8 mm 
will be discarded and in a total round, the diameter will be reduced 1.6 mm. 
 
This last paragraph is important because this will influence the length of the next 
layer. It is obvious that if the total diameter is lower than the previous one, the 
length of that loop will be also lower. 
 
After 14 loops, the total length discarded is 1.446. One more loop would imply 
taking away material that we need. So, for this project, it has been assumed that 
with 2.25 meters (over 2.24 meters that we need) the results can be also 
accepted. 
 
Related to this length, the associated diameter is 22.6 mm, so the total diameter 
will be 45.2 mm. 
 
On the other hand, it is also important to know the mass-loading of these 
components. Using the same reference than before (see [1]), a new graph can 
be obtained: 
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Figure 2.8. Relation between Boom thickness and Boom mass-loading[1] 
 
 
This graph relates the boom thickness with the boom mass-loading. As we said 
before, in our case we are working with booms of 0.4 mm of thickness and, as it 
can be seen, this means 40 g/m. With a length of 2.24 meters each boom, the 
total mass-loading will be 358.4 grams. 
 
At this point, it can be said that for our project, the best method is the last one. 
The extra mass-loading due to the booms can be a disadvantage but simplifies 
significantly the attitude control laws and the deployment system. 
 
 
2.2. Membrane Folding 
 
There are four main types or methods to fold the film but one of them is only used 
in continuous films so it will not be explained in this project. For more information 
please see [1]. 
 
2.2.1. First Method 
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Figure 2.9. Representation of First Method [850]. 
 
 
The main advantage of this method is that it is compact and easy to stow, but it 
is really difficult to fold due to all the lines converge to the corners. In addition, 
there is an important disadvantage that need to be taken into account: when the 
sail is deployed, the tension lines that will cross the film coincide with the crease 
ones. This means that, at the end, more tension will be needed in order to keep 
the film tensioned. If not, the result will look like figure 2.10: 
 
 
 
 
Figure 2.10. Deployed Sail by first method 
 
 
It is obvious that with this shape, the solar sail could not work at optimal 
conditions, so we are going to have a look at other methods that offer best 
conditions without the necessity of adding an extra element to tension the film.  
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2.2.2. Second Method 
 
 
 
 
Figure 2.11. Representation of Second Method [850]. 
 
 
A first solution could be design a method where the tension lines are not 
coincident or parallel with the crease ones. In this method, the hill and valley lines 
are perpendicular to the first ones. 
 
Clearly, this method offers that no additional tension is needed but, at the same 
time, one disadvantage appears: all the crease lines converge to the same point. 
This means that with this configuration, the probability of structural failure (tearing 
or weakening) at that point increases. 
 
In conclusion, this method improves the last one because first, the folding pattern 
is easier and second, instead of having two critical points (converge points) and 
all the film under-tensioned, we have only one critical point that will need some 
kind of reinforcement. 
 
 
2.2.3. Third Method 
 
To solve the first case problems, a perpendicular distribution of the crease lines 
is needed but, at the same time, we do not want them to converge in a single 
point, so the solution is evident and shown in figure 2.12: 
 
 
29                                                                                    DEPLOYMENT & FOLDING  
 
 
 
Figure 2.12. Representation of Third Method [850]. 
 
 
With this method, the two issues explained before are solved but, once wrapped, 
the film is quite loose. Luckily this will not be a problem because the holding 
structure will protect it until the deployment. 
 
 
 
 
Figure 2.13. Film deployed using Third Method 
 
 
Concluding this section, this third method will provide enough tension to avoid 
any kind of extra reinforcement and, for this reason, this is the method that will 
be employed in our project. 
 
With all of these features already designed, the deployment sequence can be 
represented as follows: 
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Figure 2.14. Deployment steps of a Solar Sail 
 
 
Other projects have shown that this process can be accomplished in 0.87 
seconds. Due to this fast deployment, another characteristic of Carbon Fiber 
Reinforced Plastics (CFRP) takes importance, if the booms would be made of 
others materials like steel, the deployment path would be chaotic and 
unpredictable, but with CFRP becomes a predictable linear path and a lower 
shock deployment. 
 
Up to this point, we have explained how the film and booms would get out of the 
holding device but now it is turn to look at the previous step and analyze how the 
device will reach that point. 
 
 
2.3. Previous Steps 
 
In this section we are going to explain, step by step, how the sail will reach the 
point where it will be ready to be deployed. For payload reasons, the procedure 
will be quite different than the regular ones, there are three phases: 
 
1) CubeSat deployment 
2) Device deployment 
3) Film deployment 
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As we know, the third phase has already been explained so we are going to have 
a look only to the first two steps. 
 
2.3.1. CubeSat Deployment 
 
One of the main objectives of this projects is to design a solar sail smaller and 
lighter than the ones that have been designed before. In order to accomplish this 
goal, every gram counts, is for this reason that instead of proceeding with the 
regular method, this project has decided to implement another solution. This 
solution includes more steps but, finally, provides a mass reduction. It is 
responsibility to every project and, specially, to further projects to evaluate and 
choose which way is more efficient. 
 
This alternative consists in, instead of launching the CubeSat and deploying the 
film from it, install one device, lighter and smaller (only with the essential 
components) and discard the CubeSat. 
 
 
 
 
Figure 2.15. Deployed CubeSat. 
 
 
In the last figure, it is possible to observe a deployed CubeSat. What this project 
proposes is design a new smaller device and put it inside of this CubeSat. It would 
be the chassis of the solar sail and, at the same time, it would allow us to dispense 
with part of the blue plates that can be seen in the picture. 
 
But first it is necessary to deploy the CubeSat. To do this, the PPOD deployment 
will be used. 
 
PPOD or Poly Pico satellite Orbital Deployer is a standard deployment system 
for all CubeSats with common physical properties that ensures their successful 
deployment. This standard guarantees the deployment only if the device to 
deploy is a CubeSat and it is designed according some restrictions. For instance, 
aluminum used in the CubeSat structure must be anodized to avoid cold welding. 
 
Due to all these restrictions, it is not possible to just deploy our solar sail and an 
intermediate stage is needed. 
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Figure 2.16. Example of P-POD structure. 
 
 
Each P-POD can carry three standard CubeSats (3U) and this, at least at first 
design, is more than what we need. In Annex 1, a 3U CubeSat Specification 
Drawing can be seen and that is the model that it is going to be used in this 
project. One example of this 3U CubeSat can be seen in Annex 2, with the 
corresponding datasheet. 
 
Once the CubeSat has been expelled, the device placed inside needs to be 
expelled as well. This second deployment will start after some minutes in order 
to assure the correct development of the process. 
 
This process starts with the CubeSat getting out of the P-POD, thanks to the use 
of a wax actuator. After this process, the structure will be opened and the sail 
placed inside will be able to get out. 
 
A wax actuator is based in a basic principle: thermal balance. One lateral face of 
the cube will be joined to the next one with wax. Once the CubeSat will be 
exposed to the solar radiation, it will start to heat the wax and the door will be 
opened. To open the door other factors need to be considered: 
 
1) Black paint layer on the waxed panel 
2) The other edge of the face needs to have a hinge 
3) Spring presence inside the CubeSat 
So, in order to assure the completely melting of the wax, a layer of black paint 
will be added on it. Black paint will absorb more radiation, that means more heat 
and then the wax will melt. Only with this the door would not be opened, the other 
edge of the face of the cub needs to have a hinge that will allow the door to rotate. 
Finally, adding one pair of springs inside the CubeSat, it is ensured that when the 
wax will melt, the springs and their stored elastic energy will push the device out 
of the CubeSat. 
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2.3.2. Device deployment 
 
The same case than before will happen now with the device, if the booms start 
the deployment at the moment that the device gets out of the CubeSat, the solar 
sail will crash with it. 
 
For this reason, a secondary and simple system has been developed, a system 
that keeps the boom curled up until few minutes after. 
 
This system consists in tying all the curled booms with a same nylon thread and 
burning it at the desired moment. This will be done with a battery, two 
photodiodes and one resistor, all of them placed at the bottom of the structure. 
 
Once the sail would be out, the photodiodes placed one at each side of the 
structure would notice the presence of light and they would allow the circulation 
of electric current to the resistor. This last component, thanks to Joule’s law, 
would start to heat itself and, touching the thread, it finally would burn the nylon 
piece and set free the booms. 
 
Components properties: 
 
- nylon melting point: 220ºC 
- battery voltage: 3 V 
 
To compute the resistance that we are going to need to reach 220ºC, some 
calculations have been made: 
 
The energy needed to increase the resistor temperature 220ºC (we assume initial 
temperature as 0ºC) will be determined by the heat capacity (multiplied by the 
mass) and the increment of temperature. 
 
 
∆𝑇 =
∆𝑄
𝐶
                                                  (2.1) 
 
 
Simplifying the equation, the added energy will be the added power by the resistor 
per time. 
 
 
∆𝑇 =
𝑃·𝑡
𝑚· 𝑐𝑝
                                                 (2.2) 
 
 
If we assume that our resistor will be ceramic (it would work better at high 
temperatures) the heat capacity is 1 J/g K. 
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So now, taking into account that we want to deploy the sail after 3 minutes (180 
seconds), simplifying the equation, we would need to find a resistor with a 
power/mass ratio of 1.22. 
 
Once the values are determined, it is important to know that sometimes these 
components cannot be manufactured with these values. If this happens, it is 
recommendable to implement a resistor with a higher ratio because, of course 
the time would be reduced too. In this case, it will be guaranteed that the resistor 
reaches the melting temperature. 
 
 
2.4. Device Distribution 
 
As shown before, in past projects others have presented the distribution of figure 
2.4. In our case, we need to take into account that our device will be placed inside 
the CubeSat and this means that the thickness of the walls will reduce our 
available space. However it is also true that our solar sail is smaller and once 
folded, the required space will be lower too. 
 
Assuming that all the electronic components (bus and attitude control ones) will 
be placed in a same plate and their total height, as we said before, will be 49.1 
mm, the total height will be reduced to 290.9 mm (over an initial value of 340 
mm). The booms will need 22.6 mm so, this means that the film folded will have 
268.3 remaining millimeters. 
 
The project referenced in figure 2.4 reserves 160mm to the film and it deals with 
a bigger sail, so, we can say that our device, with all the electronic and 
deployment components, will fit perfectly inside the CubeSat. 
 
As no more information could be found about which height would have the folded 
film, we are going to assume that it will occupy the same 160 mm as the project 
cited before. 
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CHAPTER 3. GLOBAL SPECIFICATIONS 
 
 
Table 3.1. Final height and mass of the Solar Sail 
 
Component Height [mm] 
Booms 22.6 
Folded film 160 
Electronics 49.1 
Total 231.7 
 
Component Mass [g] 
Electronics on plate 45.75 
Electronics on film* 0.08569 + 2.268 +0.018 
Film 104.25 
Booms 358.4 
Others** 30 
Total 540.77 
 
* Steering Devices, Solar Cell and Magnetometer 
** Resistor, battery and photodiode used in deployment; plate and other 
structural masses. Coatings and rip-stops. 
 
 
As a comment, we want to say that the field ‘Others’ is an approximation. If it is 
necessary to go into deeper detail and determine the exact mass, a study would 
have to be done trying to approach, for example, the inner structure of the sail 
and its density. 
 
In the case of the coatings and the rip-stops, they should be included in the 
calculation but their volume and density are so small that they can be neglected. 
  
Design, deployment mechanism and thermal control of a very small solar sail                         36 
 
CHAPTER 4. THERMAL DESIGN 
 
4.1. Solar sail with an unique component 
 
The thermal design of a spacecraft takes a special importance in order to 
determine if the satellite and its materials will be capable to resist and work at the 
temperatures achieved.  
 
So, if we talk about thermal design, we need to take into account the thermal 
balance, and it depends on the following heat sources: 
 
1) Direct solar radiation 
2) Solar radiation reflected by near objects 
3) Thermal radiation emitted by near objects 
4) Power dissipated by the satellite 
 
All these heat sources need to be compensated by the energy emitted by the 
satellite towards space, if this doesn’t happen, the temperature of this spacecraft 
will rise and it will not achieve a thermal equilibrium. 
 
But we can consider some aspects that will help to simplify the calculations: 
 
First of all, we can assume that the solar sail will not have any kind of close object. 
In fact, as we know, the spacecraft will be approximately at 1.500.000 km away 
from the Earth, so the presence of near objects/satellites can be discarded.  
 
With this premise, no solar reflected and neither thermal radiation of near objects 
will affect our thermal equilibrium. 
 
On the other hand, if we compare the power dissipated by the satellite with the 
power given by the Sun, we are going to find that the last one is several orders 
of magnitude higher. So, the power dissipated can be obviated. 
 
Then, summing up, we will have only one source of energy: solar radiation. This 
source will need to be compensated to try to keep the temperature at regular 
values. 
 
 
 
Figure 4.1. Schematic design of the solar sail
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As shown in the figure above, our case consists in two infrared emittances and 
one absorption (in the visible range). The emittances will come from aluminum 
and Chrome sides, and the absorption will be the one related to the visible 
radiation of the Sun inciding on the aluminum coating. 
 
The absorbance is the ratio between the incident energy and the absorbed one 
and the emittance is the ratio between the energy emitted by a real body and the 
energy that would be emitted by a black body at the same temperature. 
 
In our case, we have explained before that the basic film is going to be made of 
Mylar, the side that will face the Sun will be coated by Aluminum and the other 
one by Chrome. So, knowing this, we will need to use the properties of these 
materials. 
 
The thermal balance will be a balance between the energy absorbed and the 
energy emitted. We consider that in our case, Mylar does not affect in the thermal 
balance due to the thickness of the films, they are really thin and this implies that 
the temperature that the coating of aluminum will achieve will be transmitted to 
Mylar film really quickly, almost immediately, and the same case will happen 
between Mylar and Chrome. Then, adding the fact that the main film will not 
receive any kind of solar radiation and it will be between the two outer elements, 
we can consider that the only materials that we need to take into account will be 
aluminum and Chrome. 
 
But, as we are considering a balance equation, we have to analyze the difference 
between the energy absorbed and the energy emitted. Both energies are a 
function of wavelength because they depend on parameters like absorbance and 
emittance, so it is important to know in which wavelengths these parameters are 
more relevant. 
 
Absorbance deals with the energy radiated from the Sun and the 95% of that 
energy resides between 0.3 and 2.4 µm. 
On the other hand, our spacecraft will emit in infrared and this means that 
emittance will be analyzed from 4.5 to 40 µm. 
 
Knowing this, if we now turn this into formulas, we are going to obtain the next 
ones: 
 
 
𝛼 =
∫ 𝐽𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝜆)𝛼𝜆 𝑑𝜆
∞
0
∫ 𝐽𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(𝜆)𝑑𝜆
∞
0
                                         (4.1) 
 
 
 
𝜀 =
∫ 𝐽𝑒𝑚𝑖𝑡𝑡𝑒𝑑(𝜆)𝜀𝜆 𝑑𝜆
∞
0
∫ 𝐽𝑒𝑚𝑖𝑡𝑡𝑒𝑑(𝜆)𝑑𝜆
∞
0
                                          (4.2) 
 
 
These expressions show that if we want to compute, for example, the total 
absorbance we need to evaluate all the absorbances at their respective 
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wavelengths (covering all the spectrum range) and take into account the radiation 
received from the Sun.  
 
In this project, we considered that these values are 0.08 for aluminum 
absorbance, 0.02 for aluminum emittance and 0.17 for chromium one. 
 
In equilibrium, the energy radiated from both sides and the energy absorbed in 
the frontside must be equal. As the radiation value that we have is the radiation 
density, we also need to consider the different areas that will take part in this 
balance. 
 
 
𝐴𝛼 · 𝐽𝑎𝑏𝑠 = 𝐴𝜀 · 𝐽𝑟𝑎𝑑                                       (4.3) 
 
 
𝐴𝑎 · 𝛼𝐴𝑙 · 𝐽𝑠 = 𝐴𝑒 · 𝜀𝐴𝑙 · 𝜎 · 𝑇
4 + 𝐴𝑒 · 𝜀𝐶𝑟 · 𝜎 · 𝑇
4                   (4.4) 
 
 
Now, if we isolate the temperature, we will obtain the following equation: 
 
 
𝑇4 =
𝐴𝑎
𝐴𝑒
·
𝐽𝑠
𝜎
·
𝛼
𝜀𝐴𝑙+𝜀𝐶𝑟
                                        (4.5) 
 
 
Where: 
 
T is the temperature in Kelvin 
α is the absorbance 
ε is the emittance 
Js is the Sun’s power density (1360.8 W/m2) 
σ is the Stefan-Boltzmann’s constant (5.67051E-8 W⋅m−2⋅K−4) 
Aa is the Area that absorbs 
Ae is the Area that emits (both areas will be the same) 
 
Using this equation, the values that we have and knowing that both areas will be 
equal; the equilibrium temperature will be 317.05 K or 43.9 °C. 
 
It is also important to say that in a first design, the solar sail had only one coating, 
the aluminum one. But with that configuration, the final temperature was 
approximately -85°C and at that temperature the sensors and the rest of the 
systems incorporated in the sail would not operate properly. So, we decided to 
add a second coating, the Chrome one, and try to decrease the emittance 
associated to backside. With Chrome, this value was reduced from 0.746[11] to 
0.17 and we achieved a temperature of 44°C approximately. 
 
This temperature is higher than the typical one of 25°C but Mylar conserves its 
properties until 150°C, so this would not be a problem. 
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4.2. Multicomponent solar sail 
 
This last explanation would be perfect assuming that our solar sail is only one film 
coated by aluminum and Chrome, but that is not the case. On Mylar, we can find 
other components that, at the same time, which are absorbing and emitting 
energy. Then, the temperature at these points will be different and need to be 
studied. 
 
We are going to start using the same principle that we used to compute the 
thermal balance in the basic film, but now, and specially in the case of solar cells, 
we will need to implement another factor that will imply significant changes. 
 
 
4.2.1. Solar Cells 
 
The main change with these components is the appearance of efficiencies. As 
we know, in the previous case, all the solar radiation that hit the Mylar was 
transformed into heat, but now, some of it will be used to generate electricity and 
it will be done with a certain efficiency. Then, if we want to compute the thermal 
balance, we will need to use this efficiency to decrease the amount of solar 
radiation that is thermalized: 
 
 
𝐴𝑎 · (𝛼𝑆𝐶 · 𝐽𝑠 − 𝜂𝑆𝐶 · 𝐽𝑠) = 𝐴𝑒 · 𝜀𝑆𝐶 · 𝜎 · 𝑇
4 + 𝐴𝑒 · 𝜀𝐶𝑟 · 𝜎 · 𝑇
4            (4.6) 
 
 
As we can see, the main point in this case resides in deducting from the total 
amount of radiation received, the fraction that will be converted into electrical 
power. 
 
If now temperature is isolated, the resulting equation is the following one: 
 
 
𝑇4 =
𝐴𝑎
𝐴𝑒
·
𝐽𝑠
𝜎
·
𝛼−𝜂𝑆𝐶
𝜀𝑆𝐶+𝜀𝐶𝑟
                                        (4.7) 
 
 
From this equation it is possible to observe, as before, the importance of the 
relation between absorbance and emissivity. 
 
With the data provided by datasheets and using again the constants, the 
temperature achieved in these components is approximately 343.57K and, at that 
temperature, the Solar Cells could not operate efficiently. 
 
To solve this, a layer of white paint will be deposited at the back side of the solar 
sail. This paint has an emittance clearly higher (0.91) than Chrome and will help 
to reduce the temperature.  
 
With these new parameters, the temperature achieved in these points is 
(299.74K) and allows the components to operate at optimal conditions.   
Design, deployment mechanism and thermal control of a very small solar sail                         40 
 
 
 
4.2.2. Steering Devices 
 
The case of the steering devices is more complex because these elements will 
not have a fixed absorbance and emissivity, in other words, the main function of 
these components is changing their value of reflectance and, all together, 
generate a momentum that will allow the solar sail to rotate. Changing that 
reflectivity, the values of absorbance and emissivity will also change and, as we 
have seen before, they are strongly related to the temperature achieved. 
 
From their datasheet, we have obtained these two charts: 
 
 
 
 
Figure 4.2. Reflectance and Emittance of EclipseVEECD. 
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So, knowing that the absorbance will be measured at visible light (from 0.3 to 2.4 
µm) and emittance at infrared (from 4.5 to 40 µm), an average value can be 
computed within these ranges.  
 
It is also important to remark and see that only two temperature values will be 
given because it will be impossible to have maximum emissivity and absorbance 
at the same time, so when the steering devices will be working at maximum 
absorbance (black), the values of emissivity will be the lowest ones and vice 
versa. 
 
Absorbance (from 0.3 to 2.4 µm) 
 
So, if we evaluate this parameter within this range, we can obtain two average 
values: 
 
High Absorbance: 0.71 
Low Absorbance: 0.45 
 
Emissivity (from 4.5 to 40 µm) 
 
High Emissivity: 0.613 
Low Emissivity: 0.12 
 
With these values, the achieved temperatures at the corresponding points would 
not allow the steering devices to work properly. Hence, in order to reduce those 
temperatures, it would be applied the same technique as in the case of the solar 
cells, a layer of white paint at the back side. But only with this solution the 
temperature would be still high, then, as a last chance to solve the problem, a 
wrinkled film would be disposed at the back side. The main point of this method 
is increasing (twice) the area of that region. Doing this, the emitting surface would 
be two times higher and the temperature would be significantly decreased. 
 
With all these methods, the temperatures reached at those points are: 
 
Max. Temperature (High Absorbance – Low Emittance): 306.13K 
Min. Temperature (Low Absorbance – High Emittance): 258.11K 
 
At these temperatures the performance of the steering devices will not be the 
best one, but we need to remember that we are talking about the extremes of the 
range. We need to ensure that the components can work in these points, but this 
does not mean that they are going to be at these temperatures at all times. 
 
 
4.2.3. Magnetometer 
 
Magnetometer is the last component that can be found on the film and its 
properties could not be determined due to the scarce information was provided 
by the manufacturer. 
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In this project we will assume that it has good characteristics to work in the space 
environment without reaching too high temperatures which would make 
impossible its functionalities. 
 
On the other hand, its dimensions are 2×2×1 mm so, it can be said that its 
repercussion inside the general thermal balance would be trivial. Assuming this, 
this part of the sail will be analyzed as a main film part. 
 
 
4.3 Heat Map 
 
Reconsidering everything, knowing the constant temperature values of the film 
and the solar cells and adding the two cases related to the steering devices, it is 
possible to present a heat map with all these elements represented: 
 
 
 
Figure 4.3. Solar Sail with RCDs at maximum temperature. 
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Figure 4.4. Solar Sail with RCDs at minimum temperature. 
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CHAPTER 5. LOADS 
 
Previous studies have tried to analyze the Solar Sail behavior in front of loads, 
statically and dynamically. This process is not easy to perform and some 
assumptions need to be listed. 
 
First of all, as we said many times before in this project, our solar sail is not only 
one film, as it has other components on it. Hence, in this chapter, we are going 
to consider that they are not playing an important role in the tension distribution 
and we are going to neglect them. Otherwise, the analysis would be too difficult 
to be performed. 
 
As a note, it is important to remark that it is not the main goal of this project to 
evaluate the loads that can appear on the film, with this, we want to say that they 
will be analyzed but neither for the time, nor for the available resources, they 
cannot be studied as accurately as we would like to. 
 
For this reason, this chapter will be a summary of other projects which had 
instruments to analyze this topic. It is important to stress this point because some 
of the assumptions that we are going to detail come from their analysis. 
 
Those projects performed a simulation evaluating the sail with numerical methods 
and those methods implement some restrictions: 
 
1) All the materials are treated as linear materials. 
2) The film and its components and coatings are treated as a one material. 
The discard of the components has already been explained but, we are 
going to do the same with the coatings because their thickness compared 
to the main film is several orders of magnitude lower. 
3) As we said in previous chapters, radiation will only appear as the solar 
one. Near objects and planets radiation will not be considered. 
4) The temperature will be considered as a constant 
 
Assuming all of this, in this project we are going to present two scenarios. The 
first one will be the distribution of loads trough the solar sail and, the second one 
will be the same study but now, taking into account the temperature. 
 
As a reminder, due to the importance of the temperature in these kind of studies, 
we would like to remark that the temperature achieved in the film is 317.05 K or 
43.9ºC. 
 
In order to determine which will be the value of the solar force, some calculations 
need to be done: 
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Figure 5.1. Solar radiation pressure model 
 
 
From literature, the solar force will be determined by: 
 
 
𝐹 = 2 · 𝜂 · 𝑃 · 𝐴 · 𝑐𝑜𝑠𝛼                                   (5.1) 
 
 
Where: 
 
α is the incident angle 
η is the reflection angle 
A is the area of the sail 
P is the pressure at a certain distance from the Sun 
 
So, knowing that P depends on the distance, we are at 1.5 · 109 m from the Earth 
which, at the same time, is at 1 AU from the Sun. Adding the first one to the 
second, the final distance will be 1.515 · 1011 meters or 1.01 AU. From this value 
we can assume that the pressure received at this point will not be significantly 
different than the one received at 1 AU. Hence, our pressure value will be 
4.56µN/m2. 
 
On the other hand, the highest value of the force is given when both angles are 
zero and the efficiency is maximum (1). Adding all of this at the fact that our solar 
sail has an area of 10m2, the force applied will be 9.12 · 10−5N or, in other words, 
the pressure will be 9.12 · 10−6Pa. 
 
 
5.1. Deflection  
 
Other studies have shown that those points that suffer a higher impact due to 
deflection are those ones which are located at the base of petals (triangular 
shape) and, as we move further from this point and we are getting closer to the 
center of the sail, the deflection effect becomes weaker. 
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Figure 5.2. Deflection chart 
 
 
This analysis could be predicted just knowing the sail design. Our sail, as we 
have explained before, has four booms and each boom with its stiffness, keeps 
the petals tensioned. So, the point where the film will have more freedom and will 
be quite loose is the furthest point from the booms and from the structure of the 
device. 
 
Regarding those projects that have computed the ratio of the deflection, they 
have estimated that it is 0.55%. This value is lower than the maximum allowable 
plastic deformation (2% approximately) so, we can say that the deflection is within 
the acceptable limits. 
 
Applying the case with the temperature, we can obtain a 0.1% of maximum 
deflection. This would not have to surprise us because we know that the materials 
that compose our sail (booms and film) have a really low expansion coefficients. 
Then, once the temperature is considered, the film will suffer an expansion and 
the deflection will be incremented. After this expansion, more area will need to be 
tensioned by the booms which, of course, cannot tension more than what they 
were doing before. Hence, with less relative tension, the material will tend to be 
more deflected.  
 
 
5.2. Stress Distribution 
 
In the case of the stress distribution we can find that the stress is low in almost 
all the film, only the regions that are next to the booms or attached to them will 
suffer a higher stress.  
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Figure 5.3. Precise stress distribution 
 
 
As a reference, the values achieved in other projects (with films of 100m2) were: 
 
Stress on sail < 8000 Pa 
Stress on boom < 1000 Pa 
 
These values, compared with the Mylar Tensile Strength or its Young’s Modulus, 
are several orders of magnitude below, the Solar Sail will perfectly deal with them. 
 
On the other hand, when we take into account the effect of the temperature, this 
pressure increases significantly: 
 
Stress on sail < 26.4 MPa 
Stress on booms < 119 MPa 
 
These values, as we said before, have been found considering a Solar Sail of 
100 m2 with a temperature of 184ºC. Now, our main task is discern and try to 
transfer them to our project in order to be able to conclude what will happen in 
our Solar Sail. 
As a first consideration, we have to say that the temperature of our film will be, 
as said before, approximately 44ºC. At this temperature, the properties of the 
Mylar will not be forced to extremes like happened in their case and this would 
imply that, keeping the expansion coefficient low, the material will not suffer those 
deflection changes. 
 
The same consideration could be applied when we analyze the stress distribution. 
As it can be seen, when the temperature was taken into account, the simulations 
predicted an increase of the stress in both elements (booms and film) so, 
following the same justification, as in our case the temperature is not that high, it 
will not imply changes of that magnitude.  
 
Knowing this, we cannot compute the exact value of stress but we can make an 
estimation. Confirming that even for 184ºC our materials could deal with those 
pressures, now, having less than a third part of that temperature, we are not going 
to experiment such a high stress. Hence, we can affirm that our components are 
more than ready to develop their functionalities.  
Design, deployment mechanism and thermal control of a very small solar sail                         48 
 
CONCLUSIONS 
 
This project tried to evaluate the structural design, the thermal design and the 
deployment of a solar sail in the space. To do this and in front of the lack of 
resources, the team has compiled other projects investigations in order to be 
able to achieve the goals. 
 
It has been shown how to select the materials and place the components of a 
very small solar sail. One of our main goals at the beginning was designing the 
mentioned solar sail with a mass lower than 100 grams but, as it can be seen, 
the final mass is 542.86 grams. 
 
Some decisions can be made to try to reduce, even more, the final mass, for 
example, implement a spinning deployment method. This would imply changing 
the whole design of the sail and increasing the complexity of the attitude control 
laws but, at least, the mass would be reduced. The sail would be a continuous 
one with steering devices attached to a material with a thermal memory. With 
these modifications, the system could discard 358.4 grams from the booms, but 
the final result would be still higher than 100 grams. 
 
And that is a point that must be analyzed, in fact, we consider that this is the 
critical point. The deployment system can be changed to a lighter one, the 
components on their own have a total mass lighter than 100 grams, but the film 
is another case. The film has been designed with the lightest materials and, 
even so, the mass exceeds the limits. Only with the film case, the limits are 
exceeded. 
 
So, in the future, when lighter materials will be able to be manufactured and 
applied in this kind of projects, a new study could be done, assuming a different 
deployment, trying to determine if then, a solar sail of 100 grams is feasible. 
 
On the other hand, in this project we have seen alternatives in the deployment 
system. Due to our will of reducing the mass, we needed to discard the chassis 
of the CubeSat and this implied the appearance of another two new 
mechanisms: Nylon thread and wax actuator. 
 
As it has been said before, of the two main goals, only one has been 
completed: build the solar sail. But it is also true that this solar sail weights less 
than all the other ones built until the date, at least, known by the team. So, 
maybe the target could not be achieved but an important progress has been 
done. 
 
 
49                                                                                                  BIBLIOGRAPHY  
 
BIBLIOGRAPHY 
 
[1] – Adeli, S. N., & Lappas, V. J. (2010, August). “Deployment system for the 
CubeSail nano-solar sail mission”. In Proceedings of Small Satellite 
Conference (pp. 1-12).  
 
[2] – Sickinger, C., & Herbeck, L. (2002, December). “Deployment strategies, 
analyses and tests for the CFRP booms of a solar sail”. In Proceedings of the 
European Conference on Spacecraft Structures, Materials and Mechanical 
Testing, CNES, Toulouse, France. 
 
[3] – Mori, O., Sawada, H., Funase, R., Morimoto, M., Endo, T., Yamamoto, T., 
... & Shirasawa, Y. (2010). “First solar power sail demonstration” by 
IKAROS. Transactions of the Japan Society for Aeronautical and Space 
Sciences, Aerospace Technology Japan, 8(ists27), To_4_25-To_4_31. 
 
[4] - Iwata, M., Suzuki, M., Kazama, K. I., Andoh, A., Miyachi, M., Ishida, Y., & 
Yokota, R. (2009, September). “Properties of Newly Developed Thermoplastic 
Polyimide and Its Durability under Proton, Electron, and UV Irradiations”. In 11th 
International Symposium on Materials in a Space Environment. 
 
[5] - Henninger, J. H. (1984). “Solar Absorptance and Thermal Emittance of Some 
Common Spacecraft Thermal-Control Coatings” (No. NASA-RP240400-1121). 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION WASHINGTON 
DC. 
 
[7] - ZHENG, J., SHENG, Z., ZHOU, H., HUANG, W., & SHENG, L. (2009). 
“Structural analysis about a new solar sail”. Chinese Journal of Space 
Science, 29(2), 249-256. 
 
[8] – L. Wright Jerome, Space Sailing, Gordon and Breach Science Publishers, 
Titusville, 1994 
 
  
  
Design, deployment mechanism and thermal control of a very small solar sail                         50 
 
ANNEX 
 
1. 3U CubeSat Specification Drawing 
 
 
 
2.  CubeSat Datasheet 
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